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It has been shown by numerous investigators that stimulation of

different tissues leads to an increase in permeability which is indepen-

dent of the particular structure and function.- In the case of muscle,

\Yeiss showed that even subminimal stimuli lead to an increase in

permeability which was measured by an increase in the output of

phosphoric acid by the muscle. When effective stimuli were applied,

a close relationship between the intensity of fatigue and the increase

in permeability was observed (Embden and Adler, 1922). Further-

more, there was a parallelism between the reversibility of fatigue and

that of the changes in permeability. When the muscle recovered from

fatigue and the original contractility was again obtained, the per-

meability was also normal, i.e., no phosphoric acid was given off to the

medium in which the muscle was suspended. But if no recovery took

place, the output of phosphoric acid remained the same or even in-

creased. These experiments prove that the physico-chemical changes
in permeability play an important part in the fatigue problem. It

seemed probable that fatigue might be delayed if it were- possible to

prevent or to diminish the increase in, permeability which ordinarily

"inpanies fatigue. The experiments described in this paper show

the correctness of the supposition. Fatigue can be delayed in a me-

dium by which the permeability of the muscle is decreased. The

eiticiency of different ions in that respect and the general importance
of thoc facts for the problem of ion antagonism will be discussed in this

paper.

METHOD
Sexer.il hundred experiments on the sartorius muscle of Rana cs-

'ciitn were performed from March 1929 to October 1930. The mus-
< le~. prep. in-d in the ii-u.il manner, were immersed in an isotonic salt

-i 'hit it Hi .UK! Mi^pended between two platinum electrodes connected

\\nli an i-oionic lexer \\lncli magnified the contractions seven times.

"I'-'l tin- V \lirri.s..n Prize in Experimental Biology for 1930 by the

Aiili-d li\ .1 ^i.ini Inun tin- Ki-M-.trrh l-'uml of the University of Oregon.
l!hin, \<>1'>, pp. 106-197.
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In the first group of experiments the platinum electrodes were carefully

covered with lacquer (except on a point-like spot where the platinum
was in contact with the muscle). The muscles were stimulated with

rhythmical condenser discharges (apparatus of Scheminsky) 40-60

times per minute so that a decrease in the height of contraction oc-

curred. The tw r o sartorii of the same frog under the same conditions

showed an identical course of fatigue (Gellhorn, 1930). This made it

possible to study the influence of different ions. The solutions were

made up of NaCl, KC1 and CaCl 2 solutions of A = 0.39. In order

to hold the conductivity of the liquid constant and avoid any possible

effect on the strength of the stimulus, a part of the sodium chloride

solution was replaced by an equal volume of isotonic CaCl 2 solution,

and thus the effect of different CaCl 2 concentrations was studied.

In a second group of experiments another method was used. The
sartorii were not stimulated in a liquid but in a moist chamber. The
first series of stimuli was applied for five minutes and the muscle was
then allowed to recover in an aerated salt solution. Afterward a

second series of stimuli was applied until the muscle ceased to respond.
The first series of stimuli was designed to show whether both sartorii

had the same irritability and fatigability. Pairs of muscles which be-

haved alike in the first series of stimulation were the only ones con-

sidered as material for the determination of the influence of different

salt solutions. The effect of these solutions was apparent in the course

of fatigue during the second series of contractions. The advantage of

this second method consists in the independence of the strength of the

stimulus from the conductivity of the solution and furthermore in the

exact proof of the identical behavior of the muscles before they were

immersed in the salt solutions. In these experiments condenser dis-

charges obtained from the apparatus of Scheminsky (1930) in its im-

proved form were used. Maximal stimuli were given 90 times per

minute. Between the first and the second series of stimulations the

muscle remained unstimulated for nine minutes in the salt solutions.

The experiments of the second group were performed with curarized

and uncurarized muscles. The effect of Ca, Sr, Ba, and Mg was

studied in reference to the fatigue of muscle. 3

EXPERIMENTSPERFORMEDWITH THE FIRST METHOD

Figure 1 shows the course of the height of contractions of the

sartorii stimulated 40 times per minute for twelve minutes. One
muscle was in NaCl + KC1 + CaCl 2 solution in which these salts had

3 After preparation the muscles remained in aerated Ringer's solution for 45-60

minutes before the experiment was begun.
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the same concentration as in Ringer's solution, while the other muscle

was bathed in XaCl + KC1 + CaClo which contained eight times as

much CaCl 2 as the first one. It is apparent that, in spite of the identi-

cal height of the contractions at the beginning of the experiment, both

\
\

\

Ft*;. 1. The course of fatigue in a pair of sartorii stimulated in 0.111 M
NaCI + 10.2 M X 1(T 4 KC1 + 8.1 M X 10^CaCl 2 ( ) and in 0.103 MNaCl + 10.2

M in ' K< I
- M.4 M X 10~ 4 CaCl. ^ -).

< ir.linatc: bright of contraction; Abscissa: time in minutes.

Maximal < <in<l<-nst'r discharges; frequency 40 per minute.

-how the "treppe" in the same amount: the muscle immersed in a

M .hit ion with a high ('a(T> concentration showed a lesser fatigue than

the < "utrol muscle. In other words an excess of CaCI-2 delays fatigue.

Tlii- 1. n-t , which was the ki-is tor further experimentation, is illustrated

2, which reproduces a series of experiments performed with six

p.i irtorii. The control muscle was always stimulated in 0.1 1 1M
; o.iKMOJM KC1 + o.oooXIM CaCl 2( the other muscle in

1
V <>M or <).no)72M CaCl 2) the KC1 concentrations being identical

in l>otli cases .uid the \a('l slightly less in order to keep constant the

osmotic pressure and c onductivity of the solution. The contractions

were rej istered at inter\-al- of two minutes for a period of twelve min-

nte- ,ind ihc height of contraction of the muscle stimulated in the
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FIG. 2. The influence of different CaCUconcentrations on the course of fatigue
in sartorius muscle. The height of contraction of the control muscle (stimulated in

0.111 MNaCl + 10.2 M X 10~ 4 KC1 + 8.1 M X 10~ 4 CaCl 2 ) is taken as 100 and the

percentage of the height of contraction of the muscle placed in a solution with higher
CaClo concentration is calculated.

0.106 MNaCl + 10.2 M X KT4 KC1 + 48.6 M X 10~ 4 CaCl 2 .

0.0996 MNaCl + 10.2 M X 10~ 4 KC1 + 97.2 M X 10~ 4 CaCl 2 .
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higher CaCl 2 concentration was calculated as the percentage of the

height of contraction of the control muscle. The figure shows that

the height of contrartion in the beginning of the experiment exhibited

very slight variations if any, but in the further course of the experi-

ment the deviations became progressively stronger and reached in

most cases 100 per cent or more. This illustrates again the delay of

fatigue in solutions with higher CaClo concentrations and shows at

the same time that the increase of CaClo to twelve times its normal

concentration (i.e., the concentration in Ringer's solution) is still

favorable for the preservation of contractility and the delay of fatigue.

The fundamental importance of this fact is apparent when the

n

18

\

\

\

\

V-

I K.. .v The course of irritability (threshold) in unstimulated muscles.

1 MMa ni < IM-I ttrrii primary and M-coiidary coil; abscissa: Time in hours.

0.111 M NaCl + 10.2 M 1 i

' KC1 + 8.1 M X 10~ 4 CaCl 2 .

0.103 M NaCl + 10.2 M
: ; in ' KC1 + (.4.4 M X 10" 4 CaCl,.

Ordi-

d| the same -"lutions is studied on the irritability of the unstim-

ulated muscle. As was to be expected, the solution with the "normal
"

"in cut ration is much more favorable to the preservation of

irritability than a Dilution with higher CaCl 2 content (Fig. 3). Therc-

tlif "ptmial i Mudiiidiis are dilTerc-nt for the stimulated and un-

-timnlated mu-( le. That is to say, ///c laics of ion antagonism which

Ifinl to tin- di\i :', ry of the c</nil ihr<ilcil solutions do not hold quantitatively

Jor tin- stininliiti-il must I,-. These experiments make probable an even
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more general formulation that the efficiency of ions on cells depends

upon their degree of permeability.

EXPERIMENTSPERFORMED'WITH THE SECONDMETHOD

In order to check these results more than 100 experiments were

performed with the second method. Figure 4 illustrates the course of

fatigue after the muscles have been immersed in solutions of different

CaCl 2 concentrations. The curves I and II show the fatigue curve

of the two muscles when stimulated in the moist chamber. One recog-

nizes that they behave identically. After this they were immersed

FIG. 4. Stimulation of a pair of sartorii in a moist chamber with maximal
condenser discharges 90 times per minute. Then muscle I is immersed in 0.111

MNaCl + 10.2 M X 10~ 4 KC1 + 8.1 M X 10" 4 CaCl 2 (control fluid) and muscle II

in 0.111 M NaCl + 10.2 M X 10~ 4 KC1 + 81 M X 10~ 4 CaCl 2 for nine minutes.

Thereafter stimulation in a moist chamber as before (curve la, Ha respectively).

The numbers at the curves indicate the time in minutes after the beginning of

stimulation.

for nine minutes in solutions of NaCl + KCL + CaCl 2 which were

alike save for the CaCl 2 concentration. This was 8.1 M X 10~ 4
in the

first case and 81 M X 10~ 4 in the latter one. Finally they were trans-
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ferred again into the moist chamber and stimulated in the same way
as in the first series. The experiments yielded the curves la and I la

and prove that the solution rich in CaClo preserved the contractility

of the muscle much better than that with the lower CaCl 2 concentra-

tion. The height of contraction which was observed in the first muscle

(treated with 8.1 M ] [ 10~ 4 CaCl 2 ) after five minutes was the same as

I 1C. 5. Procedure as in V\g. 4. Muscle I immersed in control fluid; muscle II

in (i.l 1 1 M Nad + 10.2 M X ICT* KC1 + 40.5 M X 10~ 4 CaCl>.

in il nd muscle (treated with 81 M X 10~' CaCl 2 ) after fourteen

niiimii .

Amit her rv.miple is reproduced in Fig. 5. It is of particular inter-

est l>r< ause in the first series of contractions the second muscle shows

spontaneously ;i greater fatigability than the first one. Nevertheless,

t In- t rc.it incut .1 tin- muscle with the solution containing a higher CaCl 2

<incrntr.it 11 -a < >\ ri < "inpensated the deficiency, since this muscle re-

main- contra* iilr IW }() minutes and the control muscle for only five
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minutes. In a group of experiments the solution with the higher CaCl 2

concentration contained the same NaCl concentration as the other one

so that the osmotic pressure of the first solution was slightly higher,

while in a second group the NaCl concentration was a little lower in

order to keep constant the osmotic pressure in spite of the differences

in CaCl 2 concentration. In both groups the solution rich in CaCl 2

FIG. 6. Procedure as in Fig. 4. Muscle I (Fig. 1 and la) immersed in control

fluid; muscle II in 0.111 M NaCl + 10.2 M X 10~ 4 KC1 +40.5 M X 10~ 4 CaCl 2

(Fig. II and I la).

26
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delayed the fatigue, and this result was also obtained if by addition of

XaHCO3 the salt solution were completed to a typical Ringer's solu-

tion. Figure 6 shows this in a very striking way because, in spite of

the weaker contractions of the second muscle, the fatigue is delayed

after the muscle has been immersed in a Ringer's solution with five

times its normal CaCla concentration.

FK.. 7. Pr.M-r.lurc as in Fig. 4. Muscle I in 0.111 M NaCl + 10.2 M X 10~ 4

KCI + SI M J KIM ,,ri 2 (1 and la); muscle II in control fluid (II and lla).

I li ( LI', orable Hirrt of the solution with higher CaClo concentration

in delaying t.ni^iic m.iv be illustrated by Table I. in which the time of

the priori v.ttion ( ,|' ( mn ractility was determined for each pair of
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muscles after they had been immersed in salt solutions with different

CaClo concentrations.

TABLE I

The Dependence of the Duration of Contractility upon the CaCh Concentration

After a previous period of stimulation for five minutes, the muscles were im-
mersed in 0.111M NaCl + 0.00102M KC1 + different CaCl 2 concentrations as
indicated in this table. After this, stimulation was continued in a moist chamber.

No.



392 E. GELLHORN

val during which the muscles have been immersed in salt solutions the

stimulation leads to a contracture which is slightly stronger in the

Ca-muscle. Furthermore, the diminution of this contracture is de-

layed in the Ca-muscle: 1 In this experiment the contracture still in-

creased one minute after the beginning of stimulation while in the con-

trol muscle it diminished. This behavior is even more pronounced in

the experiment illustrated by Fig. 8. in which the Ca-muscle showed

an increase in tonus during almost the entire period of stimulation,

although the control muscle showed a rapid loss of tonus during this

time. The tonus effect of calcium becomes apparent when the CaCl 2

concentration is 81 M X 10~ 4 or higher. In reference to the delay of

fatigue the muscles show an unequal behavior. In most cases the

fatigue was delayed in spite of the increase in tonus, but in some cases

< ompare Fig. 7) the tonus increased so rapidly that it led to an acceler-

ation of fatigue.

The behavior of the stimulated and unstimulated muscle in solu-

tions containing different CaCl 2 concentrations was compared and it

\\as concluded that stimulation entirely changed the reactivity of the

muscle to this particular ion. This fact was explained by the increase

in permeability of the muscle. The observations on the effects of

calcium ions on the tonus of skeletal muscle seem to support this view

since Neuschlosz (1922) observed that the immersion of the resting

muscle in Ringer's solution with increased CaCl 2 concentration lead

always to a decrease in tonus. It is probable that the muscle brought
into a state of high permeability by previous stimulation takes up CaCl 2

in a greater amount than the resting muscle and this leads to entirely

different phenomena. It may be emphasized that about the same

concentrations were used in Neuschlosz' experiments and our own.

11 the interpretation is correct it is to be expected that far greater con-

centrations of CaCl-j would be able to increase the tonus in the resting

muscle. In fact it was found by Guenther (1905) that CaCl 2 in one

per lent volution leads to an increase in tonus which occurs after a

latent period of several hours. Probably the irritability of the muscle

laded under these conditions. In contrast to that, the experi-

ments described above show that CaCl- may immediately raise the

tomi- of the irritable nui-cle provided that the permeability had been

increased by previous stimulation. Therefore not only by K as Neu-
-chlo-/ loimd, bui al-o by ('a the tonus of muscle can be increased

without decrease of irritability.

I i-.miiL.' a-ide the effects of CaCl 2 on the tonus of muscle, the ex-

I "i 'I" i>ie\iiy tin expression Ca-musclc is used for the muscle which
>een m luii.iH loniaining the higher CaClj concentration.
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periments lead to the conclusion that increase in CaCl2 concentration

through a very wide range reduces the higher degree of permeability

produced by stimulation, and therefore delays fatigue. Further ex-

periments dealt with the question whether the Ca effect is specific or

whether it is replaceable by other cations. The effects of Sr, Mgand

Ba were examined.

The experiments showed that none of the alkali earths can replace

calcium. Rather small concentrations of Sr, Ba and Mg had only a

slight effect if any, and greater concentrations accelerated fatigue.

MgCl 2 seemed to have the most harmful effect, since it reduced the

life duration of the muscle which had been previously immersed in a

solution of NaCl + KC1 + MgCl 2 + NaHCO3 ,
while the effect of Sr

and Ba was mostly limited to a decrease in the height of concentration.

The concentrations used are given in Table II.

TABLE II

Each solution ordinarily contains beside the salts with bivalent cations 0.111M
NaCl + 10.2M X 10~ 4 KC1 + 12.5M X 10~ 4 NaHCO3 .
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TABLE III

The Effect of Sr, Ba and Mg on the course of fatigue if added to O.lllM NaCl

+ l0.2Kf X 10~* KCl + 8.1 MX 10-*CaCh + 12.5M X 10~* NaHCO3 .
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ism between K and bivalent cations in muscle in which numerous
cations are of great antagonistic efficiency, calcium cannot be replaced

by any other bivalent cation in its effect of delaying fatigue. This is

astonishing because the suppression of the K contracture by bivalent

cations is based upon their power to reduce permeability (Gellhorn,

1928). The writer found recently in experiments on vital staining in

sea urchin eggs that the permeability of the cell to stains could be

prevented by Ca but not by Mg, Sr or Ba (1931). But the explanation
of the specificity seems to be quite different in sea urchin eggs and mus-

cle, since in the former Sr, Ba and Mg were unable to decrease per-

meability, while in muscle permeability is decreased. This is not

only indicated by observations on K-contracture but also by the fa-

tigue experiments of this paper, since it was shown that addition of Sr,

Ba or Mg to Ringer's solution containing CaClo was effective in reduc-

ing fatigue. The reason why Ca cannot be entirely replaced by Sr,

Ba and Mg seems to lie in the fact that Ca is probably the only ion

which diminishes the increase in permeability of muscle in a completely
reversible manner. However, when coarser changes in the surface of

the cell are concerned, such as are produced by K, several bivalent

cations act antagonistically. Fewer of these ions are effective if irrita-

bility is concerned, as in paralysis of muscle (Hober, 1917), than in the

case of K-contracture, which is rather independent of irritability. In

the former case Ca is the most antagonistic ion, in the latter case the

heavy metals (Gellhorn), because here the greater the power in reducing

permeability, the more efficiently is the contracture suppressed. The

impossibility of fine reversible changes in permeability, which are

necessary for the preservation of irritability, is not concerned here.

The intermediate case, the restoration of irritability after K-paralysis,

is influenced in a somewhat intermediate manner: calcium is most

effective, but other bivalent cations are effective to a lesser degree.

The importance of calcium for the preservation of irritability and con-

tractility is apparent. It is conceivable that the delay of fatigue re-

quires a still finer adjustment than the partial restoration of irritability

after K-paralysis. This may be the reason for the specificity of the

calcium effect in the fatigue experiments of this paper.

SUMMARY

1. The fatigue of the sartorius muscle of the frog can be delayed by
an excess of calcium chloride in Ringer's solution, although this

solution does not preserve irritability of resting muscle as well as Ring-
er's solution. Therefore, in contrast to the view generally accepted

today, the quantitative composition of the optimal solution depends

upon the permeability of the cell.
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2. This conclusion implies a quantitative difference in the effi-

ciency of ions in relation to permeability. This is illustrated by ob-

servations on the increase of muscle tonus in solutions with high CaCl 2

content. The change in tonus takes place in irritable muscle.

S. The effect of calcium on fatigue is specific. Neither Sr, Ba nor

Mgcan replace it. But these cations can delay the fatigue, although to

a lesser extent than calcium, when added to Ringer's solution contain-

ing 8.1 M
'. \

10~ 4
('a('l-j. The cause of this specificity is discussed.
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